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ABSTRACT 
ECOLOGICAL CHARACTERISTICS OP THE RHIZOSPHERS 
MICROPLORA OF ^^TER MILFOIL 
(February 1973) 
Joseph Reed Blotrich, B.S., Irdiara University of Pennsyl¬ 
vania; M. S. , Uni''.^ersity of Massachusetts/A^herst 
Although the ecological significance of the bacteria 
associated with the rhizosphere of terrestrial plants has 
been studied intensely, little research effort has been 
aimed at aquatic rhizospheres. The growing problem of 
nuisance aquatic plants in streams, lakes, and reservoirs 
throughout the United States and elsewhere, .justifies the 
need to better define the physical, chemical, and biological 
factors in^’^ol^^ed in their rapid growth processes. 
For this reason, several bacterial populations associ¬ 
ated with the aquatic rhizosphere of Myriophvllum hetero- 
phyllum were studied over the rapid growth stage of the 
plant from just after ice-melt in spring until late summer. 
Population estimates of bacteria capable of acid production 
from glucose, ammonification, nitrate reduction, and denitri¬ 
fication v:ere obtained biweekly from root samples and 
adjacent sediments. The acetylene ethylene assay was used 
to estimate the nitrogen fixation activity of bacteria 
associated with the roots of water milfoil, rhizosphere 
sediments, and sediments obtained from a littoral area 
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practically devoid of aquatic plant growth. 
The composition of the rhizosphere bacterial community 
was found to dilfer distinctly from that of adjacent sedi- 
ments. Although the population density of total hetero- 
trophic bacteria in each environment was ver^’’ similar, 
significantly higher populations of bacteria capable of ni¬ 
trate reduction and ammonification occurred in the rhizoplane. 
The intensity of the rhizosphere effect varied over the 
course of the season. Two significant increases in popula¬ 
tions of rhizoplane bacteria capable of denitrification and 
.acid production were found. These population shifts, one in 
late May and one in August, appear to be related to the ty¬ 
pical bimodal productivity cycle of Myriophyllum communities. 
N2 fixation (C2H2 reduction) activity was detected in 
all rhizoplane and sediment samples. Although slightly 
higher rates of acetylene reduction were found in the rhizo¬ 
plane than in rhizosphere sediments, the rates were not 
significantly different from non-rhizosphere sediments. 
.Higher populations of bacteria involved in nutrient 
transformations in the rhizoplane suggest a greater poten¬ 
tial for supplying aquatic plants with readily available 
nitrogen and phosphorus compounds. Since aquatic plants are 
important in the net primary productivity of aquatic ecosys¬ 
tems, a greater emphasis on the rhizoplane community would 
aid in understanding the process of lake eutrophication. 
VI 
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INTRODUCTION 
A growing awareness of the problems associated with 
nuisance aquatic plant growth in freshwater streams, lakes, 
and reservoirs receiving increased nutrient loadings has 
stimulated a heightened interest in the ecological role 
of aquatic vascular plants in shallow water ecosystems. 
Several species of the submergent perennial Myriophyllum, 
commonly known as water milfoil, have reached luxuriant 
growth levels in many of the Nation's waters. Such 
undesirable growth often accompanies accelerated lake 
eutrophication usually associated with increased human 
activity within a watershed {35)• Over 25,000 acres in 
eight Tennessee Valley Authority reservoirs were covered 
with Myriophyllum spicatum by 196? (66). Water milfoil 
grows under a wide range of conditions. It reproduces 
vegetatively through autofragmentation and the establish¬ 
ment of shoots allows for rapid expansion into favorable 
habitats. This characteristic growth pattern crowds other 
vegetation out often resulting in the formation of mono- 
specific stands which may hamper fishing, swimming, boating, 
and other recreational activities, as well as decrease real 
estate values (1,71). Species of Myriophyllum have also 
been known to clog navigational routes, close municipal 
and industrial water supply intakes, provide extensive 
1 
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mosquito breeding areas and disrupt water management 
programs (1,66,67). 
Only temporary results have been obtained from 
attempts at chemical control of these aquatic weeds (67). 
A better understanding of the complex ecological relation¬ 
ships among aquatic plants, macroinvertebrates, and the 
/ 
microflora of the littoral zone might provide the necessary 
insight to define the factors responsible for such rapid 
growth rates. On such insight could then be based the 
development and application of biological and preventive 
methods of control. 
The intricate relationship between plant roots and the 
rhizosphere microorganisms in the aquatic environment is 
not well defined. In the terrestrial environment, the 
relationship is best described as protocooperation where 
both members benefit from the non-obligatory co-existence. 
Beneficial effects of the rhizosphere microflora on plant 
growth may be summarized as 1)increased nutrient avail¬ 
ability in the root zone (22,54,61), 2)positive effects 
on nutrient absorption rates (8), 3)production of plant 
growth stimulators (2,9*31)• and 4)increased resistance 
to soil-borne plant pathogens (2,28). Detrimental effects 
have also been shown to occur. These include the immobili¬ 
zation of limiting nutrients and the production of sub¬ 
stances toxic to plant metabolism (2). 
■l 
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A review of the literature reveals that while consid¬ 
erable attention has been given to the effects of rhizo- 
sphere microflora on terrestrial plant growth, very little 
research effort on this phenomenon in the aquatic environ¬ 
ment has been displayed. Microbial populations associated 
with aquatic rhizospheres and their activity in essential 
✓ 
nutrient transformations must be more thoroughly investi¬ 
gated in order to assess their ecological significance. 
LITERATURE REVIEW 
2.1 The Aquatic Vascular Plant 
Myriophyllum heterophyllum is a submergent aquatic 
vascular angiosperm characterized by long, slender, 
sparingly branched stems with finely divided whorled 
/ 
leaves (51)• The stems root freely at the lower nodes 
forming a massive fibrous network of roots in the sediment 
of heavily infested littoral areas. Its range spans the 
continental United States and the plants are capable of 
overwintering under ice cover as short, healthy, green 
shoots sprouted from a mass of roots. Soon after ice melt 
the perennial shoots grow upward to the water surface 
forming a canopy which localizes much of the photosyn¬ 
thetic tissue in the upper 30 cm of the water column (71). 
The lower portions acquire a dense assemblage of microflora 
and microfauna consisting mainly of diatoms, green algae, 
desmids, bacteria and protozoans. 
During flowering periods water milfoil plants extend 
their tips above the water surface in order to develop and 
release wind disseminated single-seeded nutlets. Although 
the germination of these achenes has been investigated, the 
most efficient method of reproduction appears to be auto¬ 
fragmentation (67.71)• Portions of the mature plants break 
off or are abscised, float temporarily, lose their bouyancy 
4 
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and settle to the bottom. Adventitious roots develop from 
the abscised tips and anchor the plant to the sediment. 
A single 5 cm fragment may take root and grow to 3*5 
or more in one season (66). 
An analysis of the growth and metabolism of annual 
aquatic macrophytes in temperate zones indicate that net 
/ 
primary productivity peaks prior to maximum biomass, de¬ 
creasing thereafter as respiration increases with biomass 
(73)• Net primary productivity, commonly based on biomass 
determinations, is affected by such environmental para- 
' meters as light, temperature, depth, availability of 
nutrients and the life cycle of the aquatic plant. Commu¬ 
nities of water milfoil typically have two flowering periods 
per growing season; one shortly after the plants reach the 
surface in early summer and one in late summer (71)* 
Similarly, two peaks have been observed for photosynthetic 
capacity (71) and biomass (1) which parallel the flower¬ 
ing periods. It seems that a given Myriophyllum community 
may be expected to exhibit two periods of enhanced produc¬ 
tivity per season. These periods would vary from year to 
year subject to variations in environmental factors. 
2.2 Role of the Root System 
Adaptation to an aqueous environment has resulted in 
certain anatomical changes in submergent vascular plants 
6 
that influence their ability to obtain nutrients for 
growth. Extremely thin cuticles and high concentrations 
of photosynthetic pigments in epidermal chloroplasts 
reflect the adaptation to reduced light conditions (73). 
A reduced vascular system in which the xylem and phloem 
cannot be differentiated has puzzled scientists as to the 
role of roots in the absorption of nutrients (55)• The 
absorption of nutrients through epidermal tissue could be 
a faster means of supplying the metabolic centers in the 
mesophyll than along the substrate-root-stem-leaf-mesophy11 
pathway provided that nutrients in the water column are 
readily available (64). 
Whereas the function of aquatic roots in the anchorage 
of macrophytes is well accepted, the role of roots in nutri¬ 
ent absorption is a topic of debate. The development of 
roots and root hairs on more than 95% of 200 aquatic plant 
species suggests a likely dependence of these plants on 
roots for the absorption of essential nutrients (73)* A 
number of recent experiments have provided positive evidence 
for the absorption of nutrients by the roots and subsequent 
translocation to the leafy tissues of aquatic macrophytes. 
Denny (19) found that all species of Potamogeton grown on 
various nutrient concentrations in concrete ponds, grew 
larger on organic substrates than those in sand. A corre¬ 
lation of growth yield to nutrient supply of certain macro- 
7 
phytes indicated that significant amounts of nitrogen 
are obtained from sediments via the roots (56). Further¬ 
more » nitrogen has also been shown to be translocated from 
the sediment via the roots to the epiphytic community asso¬ 
ciated with the marine rooted macrophyte Zostera (49). 
The first conclusive evidence for nutrient uptake by 
✓ 
the roots of an aquatic vascular plant was provided by 
McRoy and Barsdate (47) who demonstrated through auto¬ 
radiography, the uptake of radioactive isotopes of phos¬ 
phorus. While anions may be absorbed as readily from the 
foliage as from the roots, less soluble cations would 
principally be absorbed from the substrate via the roots 
under normal conditions of availability (64). It is 
possible that the major functional absorption site in the 
submergent aquatic vascular plant may vary, depending upon 
relative nutrient concentrations in the substrate and in 
the water column (19). 
The translocation of phosphorus from the sediments via 
the roots to the photosynthetic tissue in the water column 
may have important implications in the eutrophic process, 
since it is this nutrient which is most often considered 
the limiting factor for the growth of phytoplankton. Roots 
embedded in anaerobic sediments probably have access to a 
greater pool of available phosphorus because of increased 
solubilization under low redox conditions than in the above 
8 
oxygenated water column (12). Laboratory experiments by 
Bristow and rfhitcombe (12) in which roots were physically 
separated from the upper portions of three aquatic plant 
species indicated that a major proportion of phosphorus 
found in apical tissues was derived from the roots. 
Deitiarte and Hartman (18) showed that isotopes of phosphorus 
absorbed from the sediments via the roots of yiyrioohyllum 
exalbescens could be translocated to the shoots and visa 
versa. Moreover, a marine submergent macrophyte, Zostera 
marina was found to excrete 37^ of the total phosphorus 
absorbed by the roots into the surrounding medium (48). 
Such experiments suggest that certain submergent plants may 
act as nutrient pumps as described by Wetzel (73) # 
absorbing nutrients from an otherwise mostly unavailable 
sediment reservoir and releasing them into the overlying 
waters. 
The presence of healthy root systems capable of absorb¬ 
ing and accumulating ions from anoxic sediments requires a 
well developed aeration system by which oxygen from aerial 
or submersed organs diffuses or is transported to the root 
tips (64,70). Air is known to pass from the leafy tissues 
of aquatic macrophytes to the roots via a channel of aeren- 
chyma tissue (69). Gaseous transport in aquatic plants may 
be sufficient to supply the aerobic respiratory needs of 
roots as well as to aerate the adjacent rhizosphere 
9 
sediments (6,70)• Oxidizing activity attributed to both 
simple diffusion and enzymatic activity was found to be 
greatest at the root apex and diminished towards the base 
of rice roots (4,5). These studies indicate that the 
microenvironment adjacent to aquatic roots may differ 
considerably from the anaerobic sediments described as a 
/ 
highly reducing environment with high solubility and 
availability of ions. 
2,3 The Rhizosphere 
The term "rhizosphere” was first introduced by Hiltner 
in 1904 who observed a greater abundance of microorganisms 
in- the soil surrounding plant roots than in soil remote 
from the roots. The zone in which the microorganisms are 
influenced by the plant root is termed the rhizpsphere. It 
is not a well-defined zone with distinct boundaries, but 
rather a gradient which diminishes with distance from the 
root surface or rhizoplane (60). The rhizoplane is the 
area of maximal plant influence. Bacterial colonies which 
are known to develop in the zone of root elongation within 
a few hours of root emergence (13)t have been shown by 
direct microscopy to be from 10 to 40 cells thick in cer¬ 
tain root areas (60). Root surface irregularities between 
the root cap and root hair zone provide an extensive sur¬ 
face area for the patchy distribution of microorganisms. 
10 
Scanning electron micrographs of soil-grown roots reveal 
numerous bacteria lodged in small crevices and under 
cellular debris (40). Such holes and crevices on the root 
surface exist prior to the attachment of microorganisms. 
A distinctive selective effect on the attendant rhizo- 
sphere microflora which results in the stimulation of 
certain microorganisms and the suppression of others is 
known to exist as a response to various plant and non¬ 
plant related environmental factors (13»31»43»60). The 
selective effect is most pronounced in the rhizoplane which 
allows it to be considered the most characteristic indi¬ 
cator of the mutual relationship (72). 
The growth of bacteria, fungi and actinomycetes in the 
root region is very much influenced by the supply of organic 
substances exuded by actively growing roots and also the 
sloughed off root cells (53)• The major source of exuda¬ 
tions is the root surface zone immediately behind the tip, 
although older sections of the root may exude significant 
quantities of organic compounds (60). Root exudates, which 
consist of simple sugars, organic acids, enzymes, peptides 
and amino acids, etc., exert a more selective effect on the 
rhizosphere microflora than cellular debris (13)* 
Environmental factors both directly and indirectly via 
the plant affect the growth and composition of the microbial 
community in the rhizosphere. Physical and chemical 
11 
equilibria in the root regions, changes in plant metabolism 
(68), genetic differences among plant species (5^)t and the 
substitution of particular chromosomes in plant varieties 
(52#53) have all been shown to significantly affect the 
rhizosphere community. Furthermore, microbial interactions 
are enhanced by the high density of microorganisms in the 
rhizosphere and rhizoplane and may be important in deter¬ 
mining the composition of microflora associated with the 
roots. 
The terrestrial rhizosphere has been shown to be a 
zone of increased microbial activity which supports higher 
populations of many types of bacteria. Increased microbial 
activity in the rhizosphere has been reported for motile, 
chromogenic, amino acid requiring, acid producing, ammon¬ 
ifying, cellulose decomposing, denitrifying and phosphate 
solubilizing bacteria (31)* Rhizosphere: soil population 
(R:S) ratios are the generally accepted means of expressing 
the degree to which roots influence the soil microflora. 
R:S ratios commonly range between 5 3-nd 20 for particular 
populations even though values greater than 100 are not 
uncommon (2). 
2,4 The Effect of Plant Development on the Rhizosphere 
Several authors have investigated the rhizosphere 
effect in relation to the age and stage of development of 
12 
several plant species. It is generally agreed that the 
rhizosphere effect intensifies with plant development and 
reaches a maximum coincidental with the stage of greatest 
vegetative growth • However, certain exceptions 
have been reported. Gyllenberg (25) found that the com¬ 
position of soil isolates tested for their ability to grow 
on a medium with and without amino acids and vitamins 
became closer to the composition of rhizosphere isolates as 
the season progressed. Riviere found that the R:S ratios 
of healthy wheat plants increased soon after germination, 
but by maturity had decreased again (60). Therefore, it 
appears that though the rhizosphere microflora are affected 
by the development of the plant, a clear pattern of events 
has yet to be determined. 
2.5 The Aquatic Rhizosphere 
In contrast to the considerable research effort in 
terrestrial ecosystems, very little attention until recent¬ 
ly has been given to the study of aquatic rhizospheres. 
The rhizosphere effect exerted on particular physiological 
groups of bacteria in the terrestrial environment was shown 
to decrease in response to increasing soil moisture. This 
may be due to greater nutrient concentrations and root hair 
formation in dryer soils (58)• Mahmoud and Ibrahim (44) 
suggested that the rhizosphere effect in the aquatic 
<1 
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environment may be lessened since root exudations are more 
readily diluted and decomposition rates are slower. 
Certain aspects of the rhizosphere effect has been 
shown to exist in the aquatic environment. Coler and Gunner 
(16) found higher populations of bacteria and concentrations 
of amino acids surrounding the roots of free floating duck- 
weed. Mahmoud and Ibrahim (44) found a positive rhizosphere 
effect with nitrifying bacteria that increased with the age 
of submerged rice plants, and a negative rhizosphere effect 
with denitrifying bacteria. Many authors have reported the 
presence of nitrogen fixing bacteria in the rhizosphere of 
aquatic plants. Patriquin and Knowles (56) and Bristow (11) 
found this to be an area of higher populations and enhanced 
activity for nitrogen fixing bacteria. The aquatic rhizo¬ 
sphere is thus becoming an important area of research with 
respect to the growth of submergent aquatic plants as well 
as of food crops. 
2.6 Nitrogen Transformations in the Rhizosphere 
To develop a coherent understanding of the function of 
aquatic macrophyte communities, Knowles (37) suggests that 
components of the nitrogen cycle other than nitrogen fix¬ 
ation be investigated more thoroughly in the aquatic rhizo¬ 
sphere. Since the major transformations involved in the 
nitrogen cycle are microbiologically mediated, the presence 
I 
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or absence of organic carbon sources are extremely impor¬ 
tant. Such transformations may be quantitatively different 
in the rhizosphere because of the rich supply of root secre¬ 
tions and cellular debris from sloughed off root cells (75)• 
When sufficient organic carbon is present to provide 
necessary energy sources, energy demanding processes such 
/ 
as nitrogen fixation, ammonification and nitrogen assimila¬ 
tion occur and lead to reduced states of inorganic nitrogen. 
In the absence of such energy sources, energy yielding pro¬ 
cesses such as autotrophic nitrification tend to predomi¬ 
nate. A review of the literature on nitrogen transformations 
in the rhizosphere supports this hypothesis since ammoni- 
fication and nitrogen fixation are generally enhanced in 
the rhizosphere while nitrification is not significantly 
affected (2). 
Ammonification. 
The microbial process of ammonification in which inor¬ 
ganic nitrogen (NhJ^) is released from organic nitrogen com¬ 
pounds is essential to plant growth. Plants assimilate 
nitrogen almost entirely in the inorganic state as ammonium 
or more frequently as nitrate. Ammonifying bacteria in the 
rhizosphere release excess ammonium from the degradation of 
largely unavailable organic root exudates and cellular 
debris. This process may be very important during the 
15 
early stages of plant growth when large amounts of nitrogen 
are required (5^). 
Populations of ammonifying bacteria in terrestrial 
rhizospheres are found to be consistently higher than in 
adjacent non-rhizosphere soils. R:S ratios greater than 50 
are not uncommon. These ratios imply greater decomposition 
/ 
of nitrogenous substances in the rhizosphere and a subse¬ 
quent greater release of ammonium into the environment. 
4 
However, depending on the C:N ratio of the soil solution, 
immobilization due to greater bacterial activity may render 
this effect less significant to plant growth. 
Denitrification 
Dissimilatory denitrification, in which nitrate is 
used as a terminal proton acceptor in the dissimilation 
of organic compounds, requires greater concentrations of 
nitrate than assimilatory denitrification. In the latter, 
nitrate is used as a source of nitrogen for cellular growth. 
Dissimilatory denitrification may lead to significant 
losses of nitrogen from a given environment. A sufficient 
supply of proton donors and a limited oxygen access is 
required in this process (75)• 
Heterotrophic denitrifying bacteria fall into two 
categories. Strictly aerobic denitrifiers require nitrate 
under anaerobic conditions, synthesize nitrate and nitrite 
16 
reductase and yield and N2O as end products. Faculta¬ 
tive aerobic denitrifiers utilize nitrate only with a 
limited number of proton donors, synthesize nitrate reduc¬ 
tase but not nitrite reductase and therefore account for 
an accumulation of nitrite (75) • 
High respiration rates of microorganisms in the root 
regions along with a rich supply of proton donors from root 
secretions are thought to explain the apparent stimulation 
of denitrifying bacteria in the terrestrial rhizosphere 
(60). King and Wallace (36) showed a positive rhizosphere 
effect for nitrate reducing bacteria which increased with 
plant maturity. Non-sterile living roots consumed 20 times 
more oxygen and resulted in a greater loss of nitrate and 
ammCnium (due to denitrification) than non-living roots in 
an experiment designed by Woldendorp (7^)• 
In contrast to the results from the terrestrial envi¬ 
ronment, a negative rhizosphere effect was found with rice 
plants (44). The occurence of denitrification in the rice 
rhizosphere was confirmed however in spite of oxygen evolu¬ 
tion by the roots (23). Garcia (23) suggests that while 
the oxidizing activity of aquatic vascular plants in anaer¬ 
obic sediments may decrease the rate of denitrification, 
areas of anaerobiasis should exist where root exudates pro¬ 
vide substrates for the reduction of nitrates. Bacteria 
capable of nitrate reduction are far more numerous than 
17 
those capable of converting nitrate to gaseous nitrogen. 
In marine sediments, Patriquin and Knowles (57) found that 
10 to 50% of bacterial isolates could reduce nitrate to 
nitrite, whereas less than 1% possessed the ability to 
transform nitrate to atmospheric nitrogen and nitrous oxide. 
Nitrogen fixai^lon 
The fixation of atmospheric nitrogen by heterotrophic 
bacteria in the rhizosphere may supply a significant portion 
of the total nitrogen requirement of aquatic vascular 
plants (7,56,65). Sloughed off root cells and hydrocarbon 
exudates may suoply energy for heterotrophic nitrogen 
fixation by Clostridium. A sufficient suoply of nitrogen 
(N2) undoubtedly enters the rhizosphere sediments via simple 
diffusion and the lacunal system of aquatic vascular plants 
(7). Numbers of heterotrophic nitrogen fixing bacteria were 
50 to 300 times higher in marine rhizosphere sediments than 
in adjacent non-rhizosphere sediments (56). 
Modifications of the acetylene reduction assay for 
nitrogen fixation, first described by Hardy et. al. (27), 
have been used to provide evidence for nitrogen fixing 
activity in the rhizosphere of rice olants (71), marine 
submergent macroohytes (56), freshwater submergent macro- 
phytes (11), and freshwater floating macroohytes (65). The 
rates of nitroaen fixation (acetylene reduction) in the 
18 
rhizosphere and rhizoplane exceeded those in non-rhizosphere 
sediments in the investigation of freshwater and marine 
macrophytes. McRoy and Goering (50) reported nitrogen 
fixation (acetylene reduction) rates in the rhizosphere of 
Zostera marina to he a few orders of magnitude lower than 
those reported hy Patriquin and Knowles (58). This dis¬ 
crepancy was believed to be due to different techniques of 
incubation and the amount of lapsed time between collection 
and processing of samples. The economic significance of 
stimulating non-symbiotic nitrogen fixation in the rice 
rhizosphere so as to decrease the dependence on nitrogen 
fertilizers is considered worthy of further investigation 
in the aquatic environment (7). 
2.7 Phosphate Solubilization in the Rhizosphere 
Microorganisms can increase the concentration of sol¬ 
uble phosphate in the soil solution through the production 
of organic acids, the evolution of carbon dioxide, enzymatic 
liberation of phosphate from organic compounds and the 
elaboration of metal chelates (30#31)* The most common 
microbiological mechanism for increasing the availability 
of orthophosphate in the surrounding medium is the secretion 
of organic acids (30)* The ability of bacterial isolates to 
solubilize calcium phosphates was assessed on the solid 
translucent medium of Katznelson et. al. (33) pro- 
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duction of clear zones. Harrison (29) recovered a variety 
of organic acids produced by several sediment bacterial 
isolates on the same medium. Those produced included 
acetic, butyric, citric, formic, fumaric, lactic, malic 
and succinic acids. 
The ability of rhizosphere isolates to solubilize 
/ 
phosphorus salts of calcium, aluminum, and iron is generally 
accepted, although ;’a selective effect in the rhizosphere 
has not been conclusively demonstrated (6l). Louw and 
Webley (42) have shovm that acid producing bacteria in the 
oat rhizosphere were responsible for the dissolution of 
dicalcium phosphate and the subsequent increase in available 
phosphorus. Higher numbers and enhanced metabolic activity 
(O2 uptake) of phosphate solubilizers in the rhizoplane 
and rhizosphere were reported by Katznelson and Bose (32) . 
The relative incidence of these microorganisms however, was 
similar to the control soil. Peterson et. al. (58) found 
higher R:S ratios of acid producing bacteria than for am¬ 
monifying bacteria. Thus, phosphate solubilization in 
close proximity to plant roots in the terrestrial envi¬ 
ronment has been shown to exist and may represent a signi¬ 
ficant source 'tT phosphate available for plant growth. 
Competition for soluble phosphate between rhizosphere 
microorganisms and plant roots however, may lessen this 
positive effect (33)* 
MATERIALS AND METHODS 
3.1 Lake Description 
Pottapaug Pond, a separate eastern arm of the Quabbin 
Reservoir in central Massachusetts, was selected for this 
ecological study since it provides a natural habitat 
practically undisturbed by man in the past forty years. 
The undeveloped shoreline of this softwater, mesotrophic 
lake is bordered entirely by mixed deciduous and coniferous 
forests with the exception of a small gravel parking area 
and boat launch at the outlet. The lake surface covers 
170 hectares (420 acres) of land and has an average depth 
of 1.8 m. The lake does not stratify thermally, but dis¬ 
solved oxygen concentrations in bottom waters reach low 
levels in the summer. 
The relatively large littoral zone is characterized 
by a sand and coarse gravel substrate overlain with recent- 
deposits of silt and organic matter. Extensive prolifera¬ 
tion of aquatic vascular plants dominate the littoral zone 
except where the bottom contour is very steep or the sub¬ 
strate is too coarse. A list of common genera of the 
aquatic plants in Pottapaug Pond is found in Table 1. 
Myriophyllum heterophyllum dominates much of the area 
between 1 and 3 m in depth and even shallower in bays with 
richer silt and organic matter deposits. 
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Table 1. Common aquatic plants of Pottapaug Pond-^. 
Emergent aquatic vascular plants 
Pontederia sp. 
Sagittaria sp. 
Floating aquatic vascular plants 
Brasenia schreberi 
Nuphar luterim 
Nvmohaea odorata 
Submergent aquatic vascular plants 
Callitriche sp. 
Elatine minima 
E. triandra 
Eleocharis sp. 
Isoetes sp. 
Mvriophvllum heterophyllum 
M. humile 
Na.ias gracillima 
N. flexilis 
Potamogeton epihydrous 
P. capillaceus 
P. natans 
P. spirillus 
Utricularia purpurea 
U. inflata 
U. vulgaris 
Filamentous green algae 
Nitella sp. 
♦ Modified from Livingston and Bentley (41). 
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3.2 Water Quality Analysis 
Water samples were collected weekly throughout the 
summer of 1976 at three stations which form a horizontal 
profile that extends outward from a shallow bay infested 
with macrophytic growth (Fig. 1). This sampling procedure 
allowed for the relative comparison of seasonal fluctua¬ 
tions of the major nitrogen, phosphorus and bacterial 
parameters in the water column as affected by the different 
levels of macrophytic growth. Station 1 had the highest 
diversity of emergent, submergent and floating aquatic 
plants while Station 2 was somewhat less diverse. Station 
3 was characterized by a nearly homogenous stand of water 
milfoil and a few other submergent species. 
All water samples were collected at a depth of 1 m in 
sterile, acid washed nalgene bottles with a Kemiherer water 
sampler. The bottles were packed in an ice bath and all 
analyses were completed within 8 hr of collection. Verti¬ 
cal profiles of temperature and dissolved oxygen concentra¬ 
tions were recorded with a dissolved oxygen probe (Yellow 
Springs Instruments) at each sampling station. 
Spectrophotometric methods were used to determine 
concentrations of ammonium-N and total-P in duplicate 
water samples from each station. Ammonium-N concentrations 
were determined after direct Nesslerization (3)» The as¬ 
corbic acid method following acid hydrolysis was used in 
▲ 
Outlet 
0 0.2 0.4 
-1-1 
Km 
Figure 1. Location of sampling sites at Pottapaug Pon 
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the determination of total phosphorus concentration (21). 
Absorbance values were read on a spectrophotometer (Bausch 
and Lomb) and converted to mg per 1 using a standard curve. 
The enumeration of total heterotrophic bacteria in the 
water column was obtained by the Millipore membrane filter 
technique (3)» Results from pour plates (M-plate agar) are 
an average of triplicate plates at each dilution. 
3.3 Root and Sediment Sampling Procedure 
To adequately study the microbial populations associat¬ 
ed with the roots of Myriophyllum heterophyllum and ad.iacent 
sediments, it was necessary to collect a number of samples 
over the entire growth cycle of the aquatic plant. For this 
reason, samples of the fibrous root systems and sediments 
were obtained at biweekly intervals beginning just after ice 
melt in April and continuing through the rapid growth and 
maturation stages until mid-August. 
Healthy plants found to be representative of the 
crowded water milfoil population at Station 2 were chosen 
for root and biomass sampling. V»'hole plants were removed 
by gently tugging on the lower stems of 3 or 4 plants while 
working the root system free of the silty organic substrate. 
Loosely attached sediment was washed from the fibrous roots 
which were then placed in a sterile flask immersed in an 
ice bath. Upper portions of the plants were left intact. 
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Sediment samples were collected with an Ekman dredge 
lowered between closely spaced water milfoil plants. All 
tests for the comparison of bacterial populations were 
completed within 8 to 10 hr of collection. 
It should be noted that the recent accumulation of a 
silty organic layer was found to be approximately 1 to 4 cm 
/ 
in thickness. The roots of the crowded water milfoil plants 
form a matted network throughout this layer hardly penetrat¬ 
ing the underlain sand and gravel. Therefore, no attempt 
was made to distinguish between rhizosphere and non-rhizo- 
sphere sediments. The microbial populations associated with 
the rhizoplane, whose importance was emphasized by Danger- 
field et. al. (17)» were compared with sediment microbial 
populations. 
3.4 Removal of the Rhizoplane Microflora 
The removal of the rhizoplane microorganisms from the 
root surface was done according to the method of Rovira 
et. al. (62). Whole root systems, approximately 15 to 
25 cm in length, were gently agitated in consecutive 
rinses of sterile distilled water (SDW), detached from the 
plant base and placed in a dilution bottle containing 
100 ml of SDW and 5 g of small glass beads. Bacterial 
counts obtained after dilution in water did not differ 
significantly from those obtained in phosphate buffer (17). 
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The dilution flask was shaken vigorously by wrist action 
for 15 min along with a dilution flask containing 10 g 
of wet sediment in 95 ml of SDW, Ten-fold dilutions were 
then prepared from the initial dilution flasks. While 
3 to of the total bacteria as determined by direct count 
are removed from the gentle agitation of the roots in SDW, 
✓ 
roots shaken vigorously on a wrist action shaker removed 
40, 80, and nearly 100% of the bacteria after 5» 10» ^i^id 
15 min respectively (62). 
3.5 Bacteria Enumeration Techniques 
The standard method for comparing microbial populations 
among root regions is to obtain organism densities by recor¬ 
ding bacterial counts per gram of oven dried material (17). 
Ideally, root surface area along with root dry weight 
should be used to evaluate the rhizosphere effect. The cal¬ 
culation of root surface area however, is not practical 
with the extremely small diameter fibrous roots of water 
milfoil. Therefore, counts were calculated on an oven 
dried weight basis. Roots and sediment samples were dried 
at 110 C for 24 hr before weighing. Plant biomass was also 
determined on a dried weight basis only as an indicator of 
plant growth and not as a measure of community productivity. 
The enumeration of rhizoplane and sediment bacteria 
capable of specific microbiological transformations was 
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undertaken for each set of samples. The most probable 
number technique (MPN)(3) using five replicate tubes at 
each of four ten-fold dilutions was used in the determina¬ 
tion of ammonification, denitrification (with Durham tubes), 
and acid production from glucose. Preliminary tests 
showed higher counts of nitrate reducing microorganisms 
/ 
using the plate dilution frequency technique of Harris and 
Sommers (28) which was subsequently chosen for use over 
the MPN method. Total heterotrophic bacteria counts were 
made with the standard pour plate method. The composition 
of all media used in these experiments and the procedures 
of incubation and chemical analysis are provided in Appen¬ 
dix A. 
3.6 Acetylene Reduction Assay for Nitrogen Fixation 
The acetylene reduction assay for nitrogen fixation 
is based on the versatile nature of the nitrogenase enzyme’ 
which is capable of reducing both atmospheric nitrogen to 
ammonium and also acetylene to ethylene (27). Ethylene, 
the sole product of the nitrogenase catalyzed acetylene 
reduction is inert and can be measured by sensitive gas 
chromatography. This method is 10-^ to 10 times as sen¬ 
sitive as ^^^2 of determining nitrogen fixation 
activity (26). 
The assay procedure used was a modification of methods 
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described by Patriquin and Knowles (56) and Bristow (11). 
However, all preparation of assay flasks including the 
addition of proper atmospheres was accomplished entirely 
in the field immediately after the removal of the root and 
sediment samples from the natural habitat. The argon and 
acetylene gases were carried to the field in serum stop- 
✓ 
pered 1 1 vacuum flasks. 
The acetylene reduction experiment was designed to 
compare the nitrogen fixing activity of bacteria associated 
with the rhizoplane, rhizosphere sediments, and sandy sedi¬ 
ments in shallow water areas supporting little aquatic 
plant life. Three or four grams of fresh water milfoil 
roots plus 10 ml of lake water were added to triplicate 
sterile 25 ml erlenmeyer flasks containing 2 ml of a 10^ 
glucose solution. Identical flasks were prepared using 
10 ml of a sediment slurry (obtained from the sediments 
adhering to the root mass) with 10 ml of lake water. 
Sandy sediments were added directly to the flasks and sub¬ 
mersed in 10 ml of lake water. The assay flasks were 
capped with serum stoppers, evacuated and filled 3 times 
with argon gas using sterile disposable syringes with Luer 
lock tips. Acetylene gas was then injected at a partial 
pressure of approximately .1 atm. 
The samples were then incubated at 26 C in the dark 
up to 72 hr after collection and removed daily for gas 
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analysis. Incubation times for similar assays are reported 
to be from 1 hr to 5 hays (45). It is recommended that 
long term assays (greater than 48 hours) should be avoided 
due to the derepression of the nitrogenase enzyme in the 
absence of atmospheric nitrogen (26). Nitrogenase activity 
in the nitrogen-starved cells increase under such conditions 
which results in abnormally high values of nitrogen fixing 
activity. 
The .gas phase of each sample was analyzed for the 
presence of acetylene and ethylene on a gas chromatograph 
(Varian Aerograph Series 1200). Gas samples were removed 
from the assay flasks with a 100 ul gas tight syringe 
(Precision Instruments). The gas chromatograph was 
equipped with a Porapak R column: nitrogen was the carrier 
gas and an oven temperature of 55 C was maintained. 
Retention times for acetylene and ethylene were 6i min 
and 54 niin respectively. The area of the peaks was 
calculated by multiplying the peak height times the base 
measured at a point equidistant from the baseline and the 
peak. Gas volumes and freshweights were determined after 
the 72 hr incubation period. 
I 
I 
RESULTS 
4.1 Water 
Selected water quality parameters relevant to the 
extensive macrophytic growth in the littoral zone of 
Pottapaug Pond are presented in Figs. 2, 3, and 4. An 
analysis of total-P and ammonium-N levels indicates a 
marked increase at all stations beginning in late July 
and reaching maximum concentrations on Aug. 4 and Aug. 13 
respectively. The rising nutrient levels were most stri“ 
king at Stations 1 and 2 where aquatic macrophyte growth 
was more luxuriant and plant diversity and water turbidity 
was greater. 
An interesting trend in heterotrophic bacterial pop¬ 
ulations in the water column showed decreasing num.bers 
from mid-June until mid-August. Bacterial numbers reached 
minimum values coincident with maximum ammonium-N levels 
in the water column. This negative correlation suggests 
that the increased amamonium-N levels were not attributable 
to enhanced deamination or decomposition by the bacteria 
in the water column. Perhaps, the increased ammonium-N 
concentrations are due to enhanced activity of the microbial 
community epiphytic on the submergent aquatic plants in the 
littoral areas. At this stage in the growing season, much 
of the lower leaf surface area of water milfoil plants was 
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Figure 2, Seasonal Variation in Populations of Heterotrophic 
Bacteria in the '^ater Column. 
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Figure 3» Seasonal variation in ammonium-N concentrations. 
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Figure 4, Seasonal variation in total phosphorus 
concentrations. 
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completely enveloped by a green-brown amorphous mass of 
microorganisms and partially decomposed material. Bacterial 
numbers in the water column however, increased by September 
at a later stage of macrophyte decomposition. 
4.2 Microbiological Analysis of the Littoral Zone 
/ 
Preliminary investigation of bacteria isolated from the 
water column, root surfaces of Myrionhyllum heterophyllum 
and sediments suggests a qualitative difference in the 
composition of each microbial community. It is apparent 
that rhizoplane isolates are more likely to possess the 
ability to reduce nitrates, solubilize phosphates, and 
produce acid from glucose (Table 2). Moreover, a high 
percentage (73*3^) oi* rhizoplane isolates capable of acid 
production from glucose could also solubilize phosphate as 
determined by the production of clear zones on the trans¬ 
lucent calcium phosphate media of Katznelson (33)• An 
extremely high percentage of sediment isolates demonstrated 
proteolysis as evidenced by gelatin liquefaction. This 
ability was considerably less common among bacteria iso¬ 
lated from the water or root surfaces, and may indicate 
higher concentrations of proteinaceous substances in the 
sediments. The more rapid process of ammonification was 
more frequently demonstrated by bacteria in the water 
column, although this ability was widespread among sediment 
35 
Table 2. Percentage of bacterial isolates from littoral 
zone habitats capable of selected nutrient 
transformations. 
Selected 
transf ormation 
surface 
n % 
Sediment 
n % 
Water 
n % 
Ammonification 26 69 17 71 19 89 
Proteolysis 26 35 17 94 19 32 
Nitrate 
reduction 
26 35 17 18 19 21 
Acid production 
from glucose 
57 53 27 22 ' ■ ■ ■ 
Phosphate 
solubilization 
57 40 27 30 ■ 
Phosphate 
solubilization* 
30 73 6 33 — —— 
* Includes only those isolates capable of acid production 
from glucose. 
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and rhizoplane isolates as well. 
Morphological and Gram stain characteristics of rhizo¬ 
plane isolates revealed a high percentage of Gram negative 
rods, some Gram positive rods, and a few Gram positive 
cocci. Further biochemical testing indicated that such 
genera as Pseudomonas. Xanthomonas. Bacillus, and Sarcina 
occurred with some frequency among the rhizoplane isolates. 
4.3 The Rhizoplane and Sediment Bacterial Population Study 
Rhizoplane and sediment bacterial population estimates 
were converted to logarithmic values and are found in 
Appendix B. A statistical comparison of the independent 
populations show significantly higher bacterial numbers 
associated with the roots of water milfoil than in adjacent 
sediments for certain transformations (Table 3)? The 
paired observation "t” test (Texas Instruments Program 
STl-06) takes into account the pair to pair variability 
among data and tests the difference between the means of the 
two populations for each transformation (77)• 
Populations of bacteria capable of ammonification 
(P^. 001), nitrate reduction (P<. 001), and acid production 
from glucose (P^.02) were significantly greater on the root 
surface than in adjacent sediments. Total heterotrophic 
bacterial populations and populations of denitrifying 
bacteria were not significantly different (PC05 is not 
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considered significantly different due to the random 
sampling procedure). Thus, these results indicate that 
an ecologically different community of bacteria inhabit 
the root surface of Myriophvllum heterophyllum than in 
the surrounding sediments. Moreover, it indicates the 
potential for the occurence of a distinct rhizosphere 
effect with this freshwater submergent macrophyte. 
Seasonal changes shown in Figs. 5 through 9 reveal 
many simultaneous shifts in rhizoplarie and sediment 
population estimates from one sampling period to the next. 
The analysis of correlation coefficients show a strong 
correlation between populations of ammonifying bacteria 
in both habitats. This is also true with populations of 
nitrate reducing bacteria and total heterotrophic bacteria. 
The highly significant (P<.001) correlation coefficients 
suggest the influence of similar environmental parameters 
for these populations associated with the roots and 
sediments. On the other hand, the lack of a significant 
correlation among rhizoplane and sediment populations 
capable of acid production from glucose may be a result 
of environmental factors specific to each environment. 
In this case, the rhizoplane populations may be affected 
by root exudations of simple sugars while sediment pop¬ 
ulations are not affected by the additional source of 
nutrition. A negative correlation between rhizoplane and 
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sediment populations of denitrifying bacteria occurred, 
but was not significant. 
To determine which biweekly population fluctuations 
in each environment were significant, "t” values were 
calculated for successive population estimates according 
to the enumeration technique used. For the IVIPN technique, 
Cochran (15) has shown that the significance of the differ 
ence between two estimated densities (MPN values) may be 
calculated from the formula: 
log d. - log dp 
where "a” is the dilution ratio and "n” is the number of 
samples per dilution. Similarly, significant population 
changes as determined by the plate dilution frequency 
technique are calculated by Harris and Sommers (28) to be: 
log d^ - log d^ 
0.2743 
Significant population changes for bacteria capable of 
ammonification, nitrate reduction, denitrification, and 
acid production from glucose are presented in Table 4. 
A relatively small number of significant population 
changes among bacteria associated with the roots and the 
sediments were detected by the enumeration techniques 
used. The significant decreases in rhizoplane acid 
producing bacteria and nitrate reducers in both habitats 
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in April may be related to the unusually high populations 
of these microorganisms found on decomposing root masses 
and on sediments just after ice melt (not shown) and on 
April 13* During the growing season of Myriophyllum 
heterophyllum, two significant periods of increased rhizo- 
plane bacterial populations were observed. The shifts 
involved increasing numbers of bacteria capable of acid 
production, nitrate reduction, and denitrification during 
May and acid production, ammonification, and denitrification 
in August. During the same periods, populations of nitrate 
reducing bacteria increased in the sediments and sediment 
ammonifying bacteria increased in August. No significant 
shifts in sediment populations of acid producers or denitri- 
fiers occurred during this period. This suggests that the 
bacterial community in the rhizoplane may have been in¬ 
fluenced by certain environmental parameters not found 
in the sediments at this stage in the growing season. Such 
effects are probably of plant origin. 
A significant increase in sediment bacterial popula¬ 
tions capable of the reductive processes of denitrifi¬ 
cation and nitrate reduction occurred in June, while the 
respective rhizoplane populations did not show a signifi¬ 
cant shift at this time. The increase was coincidental 
with the loss of dissolved oxygen at the mud-water inter¬ 
face in this area of the littoral zone (Fig. 10). The 
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Figure 10. Seasonal variation in dissolved oxygen 
concentration in the water column. 
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changing environmental conditions at the sediment surface 
however, did not have a significant effect on the rhizo- 
plane populations. This may in part be due to the oxidi¬ 
zing activity of the water milfoil roots at this time. 
The most common means of expressing the effect of the 
plant root on the soil microflora is as described earlier, 
the R;S ratio. This ratio was calculated for each paired 
sample on an oven dried weight basis as shown in Table 5* 
The R:S ratios for ammonifying bacteria remained fairly 
constant throughout the season, steadily decreasing until 
populations associated with the roots were approximately 
equivalent to those occurring in the sediments. Similarly, 
total heterotrophic bacterial populations in each environ¬ 
ment remained fairly equal in magnitude throughout the 
season. 
Dramatic changes in R:S ratios were found with acid 
producing bacteria, nitrate reducers, and denitrifiers. 
Relatively large increases in R:S ratios for these groups 
occurred in May and August while the lowest ratios were 
found in late June and early July. The population shifts 
analyzed by this method support the previous conclusions 
drawn from the significant shifts in independent popula¬ 
tions from each environment. 
The concurrent population fluctuations among specific 
rhizoplane bacterial populations in May and August suggest 
T
a
b
le
 
5«
 
S
e
a
s
o
n
a
l 
v
a
ri
a
ti
o
n
 
in
 
th
e
 
rh
iz
o
p
la
n
e
 
t 
se
d
im
e
n
t 
(R
:S
) 
b
a
c
te
r
ia
l 
p
o
p
u
la
ti
o
n
 
r
a
ti
o
. 
49 
c VA 00 VO 
cd • • • • • 
0) CA ON CVI 
s tH 
VO 0 
tH 0 • VA • • • 0 • 
ooi ▼H 0 
tH CA 
VA 
CVi {V {>- VA 0 
• • • • • 
oc^ y~i 00 00 0 
CA 
0 
CVi 0 tH (A 0 
\ • • • • # 
CH -cj- 0 
VO tH 0 VA 
• • • • • 
CH 0 CA CM 0 tH 
CO 
CVJ 0 VA (A tH 00 
'V, • • • • • 
vC^ ^o CA CA 0 0 
00 CM C7V VA CA 
\ • • • • • 
VOI CM CM 
tH 
tH 
CM VA CA tH VO 
• • • • • 
CM 
VA 
CM CA 
CM 
CM 
tH CA CM VO -:3' 00 
• • • • • 
0 00 Cv. VO 0 
o o 
vO VO 
O 
CO VO CTs tH 00 
'tH • • • • 
VA ON VO 0 
-:3- - 
C J 
0 c ( D 
•H 0 •r H 0 
■P CD •H -p •H 
•• 0 U1 -P Cd 
c P 0 cd 0 P4 
0 -d 0 0 c •f H 0 
•H 0 p •H 0 Ch U cd 
U H CD ‘H •f H ■P -H 
cd Qi M •H +> J >4 0 u 
r—i c Cd 0 H P CD 
'd S 0 U P • r H Cd CD +» 
P •H 0 6 TJ j -P 0 
0 0 U S •H CD 0) 0 CD Cd 
< CH < Z U Q Eri 
50 
that a correlation between these groups may exist. There¬ 
fore, correlation coefficients were determined for each 
population associated with a particular microbial trans¬ 
formation occurring in the rhizoplane (Table 6) or the 
sediments (Table 7) throughout the season. There appears 
to be a highly significant correlation between acid pro- 
/ 
ducing rhizoplane bacterial populations and nitrate reducing 
and denitrifying populations associated with the roots of 
water milfoil. Such a correlation does not exist in 
sediment bacterial communities. This data suggests that 
there may exist a specific rhizosphere effect with changes 
in plant metabolism throughout the growing season. 
4.4 The Acetylene Reduction Assay 
Preliminary investigation of the nitrogen fixing 
(acetylene reducing) activity of root samples and rhizo¬ 
sphere sediments suggested a greater activity on the root 
surface. With both substrates, activity was greater under 
anaerobic conditions (argon atmosphere) than under aerobic 
conditions (argon;oxygen ratio of 4;1). The addition of a 
glucose solution enhanced acetylene reduction and a PC2H2 
of .1 atm resulted in greater ethylene production than a 
PC2H2 of .2 atm. These preliminary findings led to the 
adoption of the methods used for further quantitative 
s tudy. 
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Table 6. Correlation coefficients among particular 
bacterial populations in the rhizoplane. 
Glucose 
acid prod. 
Ammonifi- 
cation 
Nitrate . 
reduction 
Denitri¬ 
fication 
Acid production 
from glucose 
0.31^ 
NS 
0.805 
(P<.001) 
0.744 
(P<.001) 
Ammonification 0.018 
NS 
0.333 
NS 
Nitrate 
reduction 
• 0.544 
(P<.020) 
Denitrification 
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Table 7* Correlation coefficients among particular 
bacterial populations in the sediments. 
Glucose 
acid prod. 
Ammonifi- 
cation 
Nitrate 
reduction 
Denitri¬ 
fication 
Acid production 
from glucose 
0.107 
NS 
0.106 
NS 
-0.257 
NS 
Ammonification 0.135 
NS 
-0.560 
(P<.02) 
Nitrate 
reduction 
0;371 
NS 
Denitrification 
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Nitrogen fixing (acetylene reducing) activity of rhizoplane 
samples, rhizosphere sediments and sandy sediments are 
shown in Figures 11 and 12. Ethylene production (a measure 
of nitrogen fixation) in each case was first detected at 
distinctly different incubation times. Sandy sediments 
were first to show acetylene reduction activity after 12 hr 
/ 
of incubation. This activity in rhizoplane samples was 
first detected at 12 hr or 24 hr, while the organic rhizo¬ 
sphere sediments did not exhibit ethylene production until 
after 48 hr of incubation. Maximum rates of acetylene 
reduction (Table 8) occurred at 24 hr for sandy sediments, 
24-48 hr for rhizoplane samples and at 48 hr for the 
rhizosphere sediments. The variation among substrates 
may be partly due to differing diffusion rates of ethylene 
gas from the aqueous phase to the gaseous phase. It may 
also represent a lag in activity of nitrogen fixing (acety¬ 
lene reducing) bacteria in the sediments. 
No significant difference in acetylene reducing acti¬ 
vity on a freshweight basis was found between rhizoplane 
samples and sandy sediments obtained from an area relatively 
deprived of aquatic plant growth. Significantly higher 
activity (P<.02) on the rhizoplane than in adjacent organic 
rich sediments did occur in samples collected in early 
August. 
A second study conducted later in the month however. 
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Figure 11. Nitrogen fixation (acetylene reduction) 
activity of rhizoplane and sediment bacterial 
populations obtained on August 3, 197?. 
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Figure 12. Nitrogen fixation (acetylene reduction) 
activity of rhizoplane and sediment bacterial 
populations obtained on August 23, 1977• 
<1 
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Table 8. Ethylene production and rates of acetylene 
reduction from rhizoplane and sediment 
bacterial populations. 
Sample Date n 
Ethylene 
product! on'*^*'^ 
Max. rate 
acetylene 
reduction'^"^ 
Avg. rate 
acetylene 
reduction* 
Sandy 
sediments 
8/3 3 361.5 ^ 46.0 181.3 + 11.3 139.9 
Rhizosphere 
sediments 
8/3 3 204.1 1 33.7 70.8 + 11.7 23.6 
Rhizoplane 8/3 3 379.1 + 29.0 197.5 + ^+8.6 121.7 
Rhizosphere 
sediments 
8/23 2 2358.9 
C
M
 • 
C
O
 
+
1 819.1 + 260.7 273.0 
Rhizoplane 8/23 2 2356.9 848.4 818.4 + 294.6 353.^ 
*** ^2^4* nanomoles / 
** ^2^4’ nanomoles / 
* ^2^4' nanomoles / 
g fresh wt. + standard error 
min / mg fresh wt. ± standard error 
min / mg fresh wt. 
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showed no significant difference in acetylene reducing 
activity between the rhizoplane and rhizosphere sediments. 
In this case, both substrates showed much greater rates 
of acetylene reduction than previous tests. Consistently, 
no acetylene reducing activity was‘ detected in lake water 
samples obtained from this area of the littoral zone, nor 
from the lower portions of the stems of Myrionhyllum 
heterophyllum. The latter were in a state of partial 
decomposition and covered with dense epiphytic growth. 
A steady but low concentration of ethylene was detected 
throughout the incubation period. This was assumed to be 
plant derived since it is known that aquatic plants use 
ethylene for bouyancy. Healthy green tips produced 
similar ethylene concentrations. 
In summary, nitrogen fixing (acetylene reducing) 
activity was found to occur in each of the three benthic 
substrates at Pottaoaug Pond. Although much variation 
occurred among samples, little or no significant difference 
in nitrogen fixing (acetylene reducing) activity was shown 
on a fresh weight basis. From an ecological viewpoint, 
fresh weight values are useful in quantitative analysis of 
nitrogen budgets in freshwater ecosystems. A dry weight 
basis for the comparison of rhizoplane and rhizosphere sam“ 
pies would more closely approximate the ability of the micro™ 
environment to suoport nitrogen fixers because of the greater 
surface area to weight ratio of the rhizosphere.sediments. 
DISCUSSION 
5.1 Interpretation of i/tfater Quality Data 
The water quality data obtained during the summer of 
1976 imply that a modification of the littoral components 
which affect the nutrient concentrations in the water 
column occurs in mid-August. Unfortunately, such infor¬ 
mation is not available for April through June. The rates 
of ammonification, nitrification, denitrification and 
immobilization by bacteria are known to largely control 
the concentration of nitrogen species within a water column 
(3^). During periods of high productivity, most of the 
ammonium-N originates in the particulate and dissolved 
organic matter in the water column, while sediments play 
a minor role in the supply of nutrients to surface waters 
(24). The epiphytic microbial communities attached to 
submergent aquatic plants are known to contribute signi¬ 
ficant quantities of dissolved and particulate organic 
carbon to the total primary productivity of freshwater 
ecosystems (73)* It Is likely that such inputs have a 
major influence on ammonium-N concentrations in the water 
column of littoral areas. 
Ammonium-N levels in the surface waters are usually 
highest in the autumn (or in late summer in deeper waters) 
when bacterial deamination of amino acids, peptides and 
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proteins is greatest. Nitrogen assimilation rates also 
affect the levels of inorganic nitrogen. While it is not 
invariably observed, the levels of inorganic nitrogen are 
often inversely related to assimilation rates. Therefore, 
the high ammonium-N concentrations in mid-August at the 
time of minimal bacterial levels may be attributed to at 
least two phenomena: the rates of nitrogen assimilation by 
free living aquatic bacterial populations may be lowest at 
this time, and the liberation of ammonium-N from particulate 
and dissolved organic material by epiphytic bacteria might 
be responsible for the increased concentrations of ammon- 
ium-N. In the latter case, this would reflect the intensity 
of the microbial-plant relationship. 
5.2 The Composition of Rhizoplane and Sediment Bacterial 
Communities 
The rhizoplane bacterial community of Myrioohyllum 
heteroohyllum was clearly shown to differ in composition 
from the indigenous sediment populations. While the 
enhanced populations of bacteria with different morpho¬ 
logical, physiological and biochemical properties in the 
vicinity of plant roots in the terrestrial environment 
is well documented (43), this phenomenon, until recently, 
has only been cautiously extrapolated to the aquatic 
rhizoplane. A description of this microhabitat in the 
aquatic environment based on the relative abundance of 
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bacterial types encountered is now provided. 
Although plating for specific physiological groups of 
bacteria with selective media is generally acceptable in 
the study of microbial ecology, great care must be used 
in the interpretation of the results (63). It is com¬ 
monly assximed that population values reflect activity in 
a particular environment. Whereas, this is certainly true 
under some conditions, it is likely to be unfounded in 
many situations. Iilacura (43) states that: "Bacteria 
respond to the envirormnental pressure within the range 
of physiological adaptation in such a way that their 
growth is as fast as possible under the given conditions." 
If this assumption is correct, the greatest numbers of 
bacteria capable of ammonification, nitrate reduction and 
glucose fermentation on the rhizoplane indicate that the 
root environment provides conditions of growth that are 
qualitatively and quantitatively different than those of 
adjacent sediments. The rhizoplane might therefore provide 
a more desirable environment for the growth of certain 
bacterial types than do the nearby sediments. 
A correlation between populations of acid producing 
bacteria in the rhizoplane and nitrate reducing bacteria 
and denitrifiers suggest that the changes which occur in 
that environment throughout the growing season favor a 
variety of bacterial groups. Alexander (2) describes two 
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broad classifications of bacterial populations within a 
given community. Some bacteria depend on the relatively 
stable fraction of soil organic matter and components of 
other microbial cells for their nutrition. Such populations 
are characteristically slow growing and their abundance is 
not subject to abrupt change. A second group among the 
/ 
indigenous population are those which flourish and remain 
numerous when organic nutrient are added to the environment, 
and decline rapidly when the nutritional source is exhausted. 
The population shifts noted with the aforementioned rhizo- 
plane bacteria may well be characteristic of the latter 
type of bacterial populations. The additional nutritional 
sources likely occur in the form of increased root exuda¬ 
tions during certain phases of the Mvriophyllum hetero- 
phyllum life cycle. 
An increase in bacterial activity in the rhizoplane 
due to the addition of easily metabolized organic matter 
(i.e. root exudates) would place a demand on the already 
limited oxygen supply. This would in fact, make the 
environment more suitable for the process of denitrifica¬ 
tion and glucose fermentation. An increase in bacteria 
capable of these processes could result. The facultative 
nature of denitrifying bacteria enable them to metabolize 
in this environment prior to and after oxygen becomes 
limiting. Nitrate respiration: 
<1 
62 
^6^12^6 -> 6CO^ + + 2KNO2 -AF = 429 Kcal 
provides less energy than aerobic respiration (-AF = 688 
Kcal) but more energy than the process of fermentation: 
^6^12^6 -^ ^^^2 2C2H^0H -aF = 54 Kcal (39). 
The increase in root exudates and organic acids (end pro¬ 
ducts of glucose fermentaion) might supply the necessary 
oxidizable substrates for this process. Most researchers 
agree that the rate of denitrification is independent of 
the nitrate concentration. Moreover, most denitrifying 
bacteria are active in other transformations such as 
proteolysis and ammonification in addition to the reduction 
of nitrates. 
The positive rhizosphere effect found with denitri¬ 
fying bacterial populations in this study is consistent 
with the theory that zones of anaerobiasis should exist 
on the root surface where denitrification could occur 
notwithstanding the oxidizing effect of root metabolism 
(23). However, these results are in contrast with those 
results found with aquatic rice plants by Mahmoud and 
Ibrahim (44), who noticed a negative rhizosphere effect 
with denitrifying bacteria. It should be noted that the 
R:S ratio of the denitrifying bacterial populations in 
this study exhibited great fluctuations during the growing 
season. The ratio shifted from considerably greater than 
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one at certain times to considerably less than one at 
other times. Such variation suggests that the redox poten¬ 
tial associated with the root surface is in a constant state 
of flux and the ability of denitrifying bacteria to grow 
is affected accordingly. 
The rhizosphere effect exerted by the submergent 
macrophyte, water milfoil, appears to be manifested in 
different ways with specific bacterial populations and is 
thus, selective. Total heterotrophic bacterial counts were 
not significantly different from sediment counts, but were 
highly correlated with sediment populations. From this 
analysis, it may be concluded that no rhizosphere effect 
exists. In the case of ammonifying bacteria (v^ose popula¬ 
tions were most consistent) and nitrate reducing bacteria, 
significantly greater population densities were found in 
the rhizoplane. Nevertheless, a high correlation between 
rhizoplane and sediment populations of these groups was 
noted. This implies that the environmental conditions 
(i.e. physical, chemical, biological and climatic) that 
influence the growth of these bacteria were simultaneously 
manifested in both microhabitats. The ammonifying bacteria 
probably belong to tne first group of bacteria described 
earlier by Alexander (2). 
5.3 Seasonal Variation in the Rhizosphere Effect 
The rhizosphere effect relevant to populations of 
i 
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glucose fermenting bacteria is not one of overall 
abundance, but rather of a temporal nature. The 
temporal effect is also apparent to a lesser extent 
with populations of denitrifying bacteria. Two signi¬ 
ficant increases in these populations occurred during 
the course of the year. These shifts, one in late May 
and one in August, appear to be related to the bimodal 
productivity cycle of typical Myriophyllum communities 
in temperate climates. 
A study conducted at Pottapaug Pond in 1970 by 
Livingston and Bentley (4l) showed a significant decline 
in standing crop measurements at two stations (1.5 ni in 
depth) in late July. The standing crop measurements of 
aquatic weeds in that area were comprised almost entirely 
of Myriophyllum heterophyllum. Similar patterns of growth 
were observed by other authors in lakes supporting large 
communities of water milfoil (1,71). The physiological 
changes in the plant growth cycle may be responsible for 
increasing the availability of organic root exudates at 
those times. The utilization of these organic materials 
by rhizoplane bacteria might shift the redox potential 
and therefore stimulate the growth of certain bacterial 
groups in the root zone. This sequence of events is 
merely speculative since productivity measurements were 
not obtained concurrently with bacterial populations. 
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Furthermore, the productivity peaks are subject to seasonal 
and climatic variation. 
Some evidence that the root surface and sediments are 
not equally affected by overall environmental changes in 
the littoral zone was found when dissolved oxygen concen¬ 
tration at the mud-water interface reached negligible levels. 
At this time, a significant rise in the facultative aerobic 
nitrate reducing and denitrifying bacterial populations 
was apparent in the sediments, but not in the rhizoplane. 
This implies that the roots of water milfoil may in fact, 
exhibit an oxidizing effect as was shown to exist with other 
aquatic macrophytes and rice plants (6,69,70)• The oxidi¬ 
zing effect based on the assumption that denitrifying 
bacterial populations are controlled by the presence or 
absence of oxygen, appears to be overcome during other 
periods of plant growth (i.e. during May and August). 
5.4 Nitrogen Fixation in the Littoral Zone 
The widespread occurrence of N2 fixing (C2H2 reducing) 
activity in the littoral zone is in agreement with recent 
documentation by several authors (11,34,65). It is now 
known that nitrogen fixation in aquatic ecosystems is not 
limited to nitrogen poor environments and occurs“in the 
presence of relatively high concentrations of ammonium-N 
(34). Using radioactive isotopes of nitrogen, Chen (l4) 
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provided evidence that nitrogen produced by denitrifying 
bacteria in the sediments was subsequently fixed by nitrogen 
fixing bacteria. The considerable increase in N2 fixing 
(C2H2 reducing) activity in the rhizoplane and rhizosphere 
of water milfoil in late August may be related to the 
greater populations of denitrifying bacteria at that time, 
assuming that the diffusion of atmospheric nitrogen was 
the limiting factor in the growth of nitrogen fixing 
bacteria. The difference is more likely due to variations 
in the sampling aind incubation techniques. 
5-5 Phosphate Solubilization in the Aquatic Rhizosphere 
Phosphate solubilization by rhizosphere bacteria may 
have a significant effect on aquatic plant growth provided 
that sufficient nitrogen sources are available. The pre¬ 
valence of phosphate solubilizing ability among rhizo¬ 
plane isolates capable of acid production from glucose 
suggests that a correlation between the two processes 
exists. This is in agreement with Hayman (30) who em¬ 
phasizes that organic acid production is considered the 
most common mechanism of bacterial phosphate solubili¬ 
zation. If these laboratory tests can be applied to the 
natural environment, then significant fluctuations in 
glucose acid producing bacteria in May and August may 
indicate an increase in the availability of soluble 
6? 
phosphate in the root zone. 
The aquatic rhizoplane is probably unique with respect 
to phosphate solubility. It is well knov.Ti that under 
anaerobic conditions, the solubility of phosphorus salts 
of aluminum, iron and calcium is greatly increased. For 
this reason, ariaerobic sediments contain relatively high 
concentrations of soluble phosphate. This phosphate may 
be released to the overlying waters when the oxidized 
microzone at the sediment-water interface is reduced (i.e. 
when hypolimnetic waters become anaerobic). The roots of 
aquatic plants embedded in anaerobic sediments must respire 
aerobically for the absorption of nutrients and are known 
to increase the redox potential in the immediate vicinity 
of the root surface. This could result in the precipita¬ 
tion of phosphorus salts, thus decreasing the amount of 
available phosphate necessary for plant growth. The 
presence of acid producing bacteria in the rhizoplane 
environment might therefore have a beneficial effect on 
the aquatic plant species. 
CONCLUSIONS AND RECOIVIMENDATIONS 
It is apparent that the study of rhizoplane bacterial 
communities in heavily infested rooted macrophyte areas 
may be of greater value than the study of sediment bacteria. 
The greater density of bacteria found on the extensive 
rooting systems suggest that the microenvironment in the 
rhizoplane may provide greater access to organic nutrient 
sources in the lacustrine littoral zones. Sediment 
bacterial populations in freshwater lakes have been shown 
to vary seasonally. This is of value in determining the 
annual patterns of nutrient cycling and regeneration in 
such areas. The rhizoplane bacterial populations are likely 
to be even more sensitive to seasonal changes. Moreover, 
they appear to respond to the productivity cycle of aquatic 
vascular plants in the littoral zone. This is of value 
since these plants are often important in the net primary 
productivity of aquatic ecosytems. A greater emphasis on 
the rhizoplane community would thus appear to be necessary 
to better understand the processes of natural and acceler¬ 
ated lake eutrophication. 
Future research needs in this area of aquatic ecology 
are many. Probably of most immediate concern is the need 
to better define the sources of nutrient supply and the 
absorption by aquatic vascular plants in freshwater systems. 
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Although the absorption of phosphorus isotopes by the 
roots of a marine eelgrass validates the transfer of 
soluble phosphate from the sediments to the water column 
via the root”shoot“leaf“m.esophyll“epiphyte pathway, similar 
research in freshwater environments has not been reported. 
Important distinctions exist between the eelgrass com¬ 
munities and the freshwater aquatic weed beds which prevent 
the relative comoarison of such data. 
Studies on the activity of rhizoplane microflora in 
soecific nutrient transformations in the natural environ¬ 
ment are necessary to better define their role in littoral 
zone ecology. Such studies should be oerformed throughout 
the entire productivity cycles in temperate climates to 
better understand the physiological aspects of the micro¬ 
bial-plant protocooperation. The outcome of such research 
would aid in describing how macrophyte communities which 
rapidly invade an uninfested freshwater ecosystem, alter 
the environment in such a way as to make it more suitable 
for their growth and continued subsistence. The develop¬ 
ment of aporopriate strategies for controlling aquatic 
weed growth in areas of human interaction may then take 
form 
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APPENDIX A 
The Media and Techniques used to Enumerate 
Bacterial Populations in the Rhizoplane and Sediments. 
Acid Production from Glucose 
Bacto-purple broth base (dehydrated medium)'^ 
Bacto-beef extract 1.0 g 
Proteose Peptone 10.0 g 
NaCl 5.0 g 
Bacto-brom cresol purple 0.015 g 
To 1 1 distilled water ADD: 
Bacto-purple broth base l6.0 g 
Glucose 10.0 g 
Autoclave for 15 min at 15 psi (121 C). 
Incubate at 26 C for 48 hr. 
Yellow color is a positive indication of acid 
production. 
*Difco Laboratories (1971) (20). 
Ammonification 
Peptone water medium'*^'*^ 
ADD 5 g peptone to 1 1 distilled water. 
BOIL for 15 min. 
ADD to warm liquid: 
K2HP0^ 
KH^PO^ 
MgS0^-7H20 
NaCl 
1.0 g 
1.0 g 
0.5 g 
trace 
Autoclave for 15 min at 15 psi (121 C). 
Incubate for 48 hr at 26 C. 
Test for ammonium-N using direct Nesslerization. 
♦Rodina (59) 
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Nitrate Reduction 
Bacto-nitrate broth (dehydrated medium)'^ 
Bacto-beef extract 
Bacto-peptone 
3.0 g 
5.0 g 
1.0 g 
To 1 1 distilled water ADD; 
Bacto-nitrate broth 
Bacto-agar 
9.0 g 
15.0 g 
Autoclave for 15 min at 15 psi (121 C) . 
Incubate for 48 hr at 26 C. 
Test for the presence of NO^-N by adding a few drops 
each of sulfanilic acid and a-napththylaraine. 
A red color indicates the presence of nitrites. 
*Difco Laboratories (20). 
Denitrification 
Giltay's medium** 
1.0 g 
1.0 g 
8.5 g 
1.0 g 
1.0 g 
0.2 g 
0.05 g 
1.0 1 
Asparagine 
Na citrate 
MgSO^.7H20 
CaCl2-6H20 
FeGl^-6H20 
Distilled water 
ADD .5 ml bromothymol blue (1% alcoholic solution). 
Adjust pH to 7.2 with NaOH. 
Autoclave for 15 min at 15 psi (121 C). 
Incubate at 26 C for 5 days. 
Observe growth, gas production (Durham tubes), pH, 
and the disappearance of NO^-N and NO2-N. 
The disappearance of both nitrate and nitrate along 
with gas production is considered a positve 
indication of denitrification. 
**Bollag et. al. (10). 
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Total Heterotrophic Bacteria 
Bacto-nutrient broth (dehydrated medium)'*^ 
Bacto-beef extract 3.0 g 
Bacto-peptone 5«0 g 
To 1 1 distilled water ADD: 
Bacto-nutrient broth 8.0 g 
Bacto-agar 15*0 g 
Autoclave fo 15 min at 15 psi (121 C). 
Incubate for 10 days at 26 C. 
Count colonies on plates containing between 
30 and 300 colonies and average. 
*Difco laboratories (20). 
Sediment Extract Agar 
Glucose 3«0 g 
K^HPO^ . 2.0 g 
Bacto-agar I5.O g 
Sediment extract'^'**’ 0.1 1 
Distilled water 0.9 1 
Adjust pH to before adding agar. 
Autoclave for 15 min at 15 psi (121 C). 
Incubate for 10 days at 26 C. 
Count colonies on plates containing between 
30 and 300 colonies and average. 
**Sediment extract is prepared by adding 1000 g of 
sediment to 1 1 distilled water, autoclaving for 
30 min, collecting the supernatent after 
centrifuging and then autoclave again for 15 min. 
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Phosphorus Solubilization 
Calcium phosphate medium'^’ 
Sediment extract 0.1 1 
Glucose 10.0 g 
Bacto-agar 20.0 g 
Distilled water 0.9 1 
Autoclave in 300 ml aliquots. 
ADD to warm liquid; 
15 ml sterile 10^ K2HP0^ solution. 
30 ml sterile 10;^ CaCl2 solution. 
Adjust pH aseptically with sterile NaOH solution to 
pH 7.0. 
Incubate for 7-l4 days at 26 C. 
Observe the plates for clear zones in the cloudy 
medium surrounding the colonies. 
*Katznelson et. al. (33)• 
APPENDIX B 
Additional Data on the irJater Milfoil Bacterial Population 
Study 
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Figure I3. Seasonal variation in biomass of water 
milfoil plant samples. 


